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(54) Title: SINGLE MODE OPTICAL FIBRE 
(57) Abstract 

A large core photonic crystal fibre 
for transmitting radiation having a core 
comprising a substantially transparent core 
material and having a core diameter of 
at least 5 p. The fibre also comprises a 
cladding region surrounding the length of 
core material, wherein the cladding region 
comprises a first substantially transparent 
cladding material, having a first refractive 
index, and wherein the first substantially 
transparent cladding material has embed- 
ded along its length a substantially periodic 
array of holes, wherein the holes are filled 
with a second cladding material having a 
second refractive index less than the first 
refractive index, such that radiation input 
to the optical fibre is transmitted along the 
length of the core material in a single mode 
of propagation. In a preferred embodiment, 
the core diameter may be at least 20 ji, and 
may be as large as 50 p. The fibre is capa- 
ble of transmitting higher power radiation 

than conventional fibres, whilst maintaining propagation in a single mode. The core material may be doped with a material capable of 
providing amplification under the action of pump radiation input to the fibre. The invention also relates to a fibre amplifier and a fibre 
laser comprising a doped large core photonic crystal fibre. The fibre may also be used in a system for transmitting radiation comprising 
a plurality of lengths of large core photonic crystal fibre, separated by large core photonic crystal fibre amplifiers, such that the power of 
radiation transmitted through the system is maintained above a predetermined threshold power. 
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Single mode optica; fibre 


The invention relates to a single mode optical fibre which may be used for transmitting radiation 
at substantially higher powers than may be achieved using conventional means. The fibre does 
not suffer from non linear effects or optical damage at high powers to the same extent as 
conventional optical fibres. In particular, the fibre may be used as a single mode waveguide, in a 
single mode fibre laser or in a single mode fibre amplifier. 

Optical fibres are widely used to deliver light from one point to another and have application in 
communications, imaging and sensing. Conventionally, a typical optical fibre is a long strand of 
transparent material which is uniform along its length but which has a refractive index varying 
across its cross-section. For example, a central core region of higher refractive index is 
surrounded by a cladding region with a lower refractive index. Such a fibre may be made from 
fused silica with a cladding of pure silica surrounding a core made from silica into which 
deliberate impurities have been introduced to raise the refractive index. Light is confined in or 
near the core by the process of total internal reflection which takes place at the boundary between 
the core and the cladding. 

In general, a fibre of this type may support more than one guided mode of propagation confined 
to the core (i.e. muiti mode fibre), these modes travelling along the fibre at different phase 
velocities. However, if the core is made to be sufficiently small, only one guided mode of 
propagation will be confined to the core, the fundamental mode (i.e. a single mode fibre). That is, 
the distribution of light emerging from the fibre is unchanged when the conditions at the launch 
end of the fibre are changed and when the fibre itself is subjected to disturbances such as 
transverse compression or bending. Typically, a fibre designed to carry single mode light having 
a wavelength of 1500 nm may have a few percent of germanium dopant in the core, with a core 
diameter of 9 \xm. 
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More recently, a photonic crystal fibre (PCF) has been developed comprising a cladding made of 
a transparent material in which an array of holes are embedded along the length of the fibre [J.C. 
Kni g kt, etai.. Opt. Lett. 21 (1996) p. 1547. Errata: Op, Lett. 22 (1991) pA^ The holes are 
arranged transversely in a periodic array and are filled with a material which has a lower 
refractive index than the rest of the cladding, the core of the fibre comprising a transparent reg.on 
which breaks the periodicity of the cladding. Typically, both the core and the cladding are made 
from pure fused silica and the holes are filled with air. The core diameter is approximately 5 urn 
and the flat-to-fiat width of the whole fibre is around 40 urn, with a hole spacing of around 2-3 
um If the diameter of the air holes in the fibre is a sufficiently small fraction of the p.tch or 
spacing between the holes, the core of the fibre guides light in a single mode. 

Single mode fibres have advantages over multi mode fibres in the field of long distance 
telecommunication, laser power delivery and many sensor applications due to the fact that a hght 
signal carried by the fibre travels in only one mode and therefore avoids the problem of 
intermodal dispersion that is encountered with multi mode fibre, Also, at a given wavelength the 
intensity of light across a single mode fibre is guaranteed to follow a single smooth, known and 
unchanging distribution. This is regardless of how light is launched into the fibre or of any 
disturbance of the fibre (e.g. time varying). 

,„ many appUcattons it is advantageous for an optica, fibre ,0 cany as much optica! power as 
possibia as. for example, any fibre inevitably attenuates the figh, pasaiug through it. For example, 
for a given detector sensitivity, the length of a communications link can be increased by 
increasing the radiation power input to the fibre. As another example, there are many high power 
^er systems in induatria! applications which could be made more simply if light cou,d be 
chatmeUed via a fibre rather than using conventional optica, systems. The. are. however, bunts 
,o the amount of light that can be carried by known optical fibres a. a given tune. 
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„ . cm^ona, fibre, comprising a core region sounded by a iow* refractive « « 
*. «U from wh,ch the fibre is made wil, u,,ima,e,y suffer damage «*. 

Ugh. intensity wifiun the fibre exceeds a .heboid vaiue. At iowet intensities, a number of 
« dependent non-finear optica, processes can occur which, aUhough oon destiuctive ,0 the 
fibre, neveflheless can degrade or even destroy an optical stgnal. 

Tnese problems may he alleviated by increasing the size of the core of Ute fibre which, for a 
given power, reduces the intensity of .he light in the fibre, before aUowing a grea.ee power ,0 
be carried before one Unesho.d for non lineor processes am reached. However, tf me com 
„ aione is increase *. fibre win become muiti mode. This may be conrpensaedby 
cueing me index difference between .he com and the cladding. Evenmaily. however, ,. 
»JL difftcul. .o control mc unifonnhy of doping across me com. Furmetmom, fibres 
anaii index differences am susceptibie to ioss of light at bends. Themfom, mem — « *e 

mode fibre. 

Some of the non-Unear effects am exace.ba.ed by ,he presence of dopants in the com, which 
H 1 materia, mom susceptible to mese effects. At higher power, doped fibres am mom 
" le ,0 ti—« damage. Dopams a,so mahe .he fibre mom susceptible to damage by 
IS radiation which is an issue in ,he uuciea, Indus,.. This has been combated by max. 
ZZ on. of pure silica. Tom, intern, reflection is mainlined by in,mducing dopan, to *. 

com. mom power can be carried. However, .his is UmUed by .he fac, ft. some of .he Ugh. is 
carried in the doped cladding. 

Fmthermom, in conventional fibres, efficien. coupiing of high power lasers into the fibm is 

as tine Ugh. needs to be focused into a small spot and the intensity a. the endface of 

eudface of the fibre frequently limits .he power of radiation that can be launched ,n,o ,t [S W. 

heen achieved in a conventional single-mode fibre is only amuud 1 5 W. 
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The invention overcomes the problem of the incompatibility of transmitting high power radiation 
using conventional fibres whilst retaining single mode behaviour. In particular, the fibre may be 
used as a waveguide for delivering radiation from one point to another, or may be used in a fibre 
amplifier or a fibre laser. The fibre may be capable of supporting a single mode of propagation of 
radiation having a maximum power in the region of 100 W - 2 kW. Furthermore, if the core is 
undoped, the fibre is less susceptible to irreversible damage at high intensities compared to 
conventional (doped) fibres. The effects of non-linear optical processes in the fibre are reduced 
and a high power signal output from the fibre does not therefore suffer degradation. The fibre has 
a further advantage in that high power radiation may be efficiently coupled into the fibre without 
the need for focusing to a small beam spot size. 
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According to one aspect of the ptcsent invention, an optical fibre (or — ing radi,ion 
comprises; 

* ^ material havins a core refractive index, n, and 
a core comprising a substantially transparent core material, having 

a length, /. and having a core diameter of at least 5 pm and 

a cladding region surrounding the length of core materia,, wherein the cladding region compos 
Z — lly transparent cladding materia,, having a fits, refractive index, and wheretn the 
I! Itantially ransparen, cladding material has embedded along its length a —ally 

first refractive index, 

SU ch that radiation input to the optica, ftbre is transmitted along the lengn, of the core material in 
a single mode of propagation. 

holes have a diameter, d, and are spaced apart by a pitch A. the optica, fibre t may be single 
. indeDenden ,,y of input radiation wavelength for any value of the pttch. A, for a 
mode * provides the advantag e dta, the ftbre may 

achieved using conventional fthre. This is because fo, any wavelength across the 
extended range, the fibre remains single mode fo, a fixed d/A ratto. 

Preferably the firs, substantially transparent cladding materia, may have a refractive index no^ 
,0 pan. In a further preferred embodiment, the diameter of the core ma, be a, leaa. 20 pm. 

,„ one embodiment of the invention, a, leas, one hole in the array may be absent aueh fi«r * 
Zs the core of the optica, fibre. The holes may be atranged in a —ally hexagonal 


pattern. 
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The holes may be a vacuum region or may be filled with a second cladding material. For 
example, the second cladding material may be any substantially transparent material, may be air 
or another gas (e.g. hydrogen or hydrocarbon) may be a liquid (e.g. water, any other aqueous 
solution or a solution of dyes) or may be a solid (e.g. a glass material having a different refractive 
index from that of the first cladding material). 

The first substantially transparent cladding material may have a substantially uniform first 
refractive index and the core material may have a substantially uniform core refractive index. 
The core material and the first substantially transparent cladding material may be the same 
material. For example, at least one of the core material and the first substantially transparent 
cladding material may be silica. Preferably, the diameter of the holes is not less than the 
wavelength of light to be guided in the fibre. 

In one embodiment of the invention, the substantially transparent core material may comprise a 
dopant material, for example rare earth ions, such as erbium. 

According to a second aspect of the invention, a fibre amplifier for amplifying signal radiation 
comprises; 

a length of the optical fibre as described herein, for receiving signal radiation of selected 
wavelength and transmitting said signal radiation along its length, wherein the core material 
comprises a dopant material along at least part of its length, 

a source of radiation for emitting pump radiation of a different selected wavelength for input to 
the length of the optical fibre, such that said part of the doped core material amplifies the signal 
radiation under the action of the pump radiation and 

wavelength-selective transmission means for selectively transmitting the pump radiation into the 
length of the optical fibre and for selectively outputting the amplified signal radiation from the 
fibre amplifier. 


PCT/GB98/01782 

WO 99/00685 

7 

For example, the wavelength-selective transmission means may comprise an input lens and an 
output lens for focusing radiation and a dichroic mirror for selectively reflecting pump radiation 
into the optical fibre and for and selectively transmitting the amplified input radiation to be 
output from the fibre amplifier. Alternatively, the wavelength-selective transmission means 
comprise a fibre directional coupler having a wavelength dependent response. 

The dopant material may comprise rare earth ions, for example erbium ions. 

According to another aspect of the invention, a fibre laser for outputting laser radiation 
comprises; 

a length of the optical fibre as herein described for selectively transmitting laser radiation having 
a selected wavelength along its length, wherein at least part of the length of the core material 
comprises a dopant material, 

a source of radiation for emitting pump radiation of a different selected wavelength for input to 
the length of the optical fibre, such that said doped core material amplifies the laser radiation 
under the action of the pump radiation, 

wavelength-selective transmission means for selectively transmitting the pump radiation into the 
length of the optical fibre and for selectively outputting the amplified laser radiation from the 
fibre laser and 

feedback means for selectively feeding back a part of the amplified laser radiation such that said 
amplified laser radiation passes along the length of the optical fibre repeatedly and is further 
amplified. 


The dopant material may comprise rare earth ions, such as 
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,„ one embodiment of the fibre laser, the wavelength-selective transmission means and the 
feedback means together may comprise two dichroic minor, wherein each of the dtchrote 
n^ors are situated a. different positions along the Ungth of the optica, fibre and wheretn the 
doped core nraferial is situated between the positions of the two dichroic mtrrors. 

in an alternative embodiment of the fibre laser, the feedback means and the wavelength-sefective 
mission means together may comprise two fibre gratings formed a, two different posmotts 
afong the .ength of the optica, fibre such that the doped core materia! is situated between the .wo 
fibre gratings. 

,„ another embodiment of this aspect of the invention, the fibre laser may be a ring resonator 
fibre laser wherein the feedback means comprise: 

me ans for directing Ugh, emerging from one end of the length of optica, fibre having adoped 


core 


materia, into the other end of said length of optical fibre. 

According to another aspect of the invention, a system for transmitting radiation in a single mode 
of propagation comprises; 

a phtrality of lengths of the optica, fibre as herein described arranged in a series such that each 
ilgth of optica, fibre receives input radiation from the previous length of opneal fibm tn fire 
" ^ Lnsmits output radiation to the subse q ue„, ,e»gth of the optica, fibre ,n the sertes and 


senes 


each fength being separated by amphfication means for ampfifying the radiation output from a 
fcngm of me optica, fibre so as to maintain the power of me radiation transmuted by the lengms 
of optica, fibre above a predetermined power. 

.naprefe^dembc^imenr.thea.npUficationmeansmaycomprisaafibreampUfierasherein 
described. 
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The invention 
which; 


will now be described by example only with reference to the following figures in 


Figure 1 shows a schematic diagram of a conventional step index optical fibre, 
Figures 2a and 2b show schematic diagrams of a photonic crystal fibre, 

Figure 3 illustrates the advantage of coupling radiation into a relatively large photonic crystal 
fibre core, 

Figure 4 shows a large core photonic crystal fibre amplifier. 

Figure 5 shows a wavelength-selective coupler arrangement which may be used in the large core 
photonic crystal fibre amplifier shown in Figure 6, 

Figures 6 and 7 show fibre laser configurations comprising a large core photonic crystal fibre, 

Figure 8 illustrates the stack and draw process which may be used to produce the large core 
photonic crystal fibre, 

Figure 9 shows an SEM image of the central region at the end face of a cleaved large core 
photonic crystal fibre of the invention, 

Figure 10 shows the near field pattern at the output of the photonic crystal fibre shown in Figure 
9, 

Figure 1 1 shows near field near field distribution plots at the endface of a photonic crystal fibre 
and 

Figure 12 shows effective F-value plots for a photonic crystal fibre. 
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Referring to Figure 1, a conventional step index fibre 1 comprises a circular core 2 of uruform 
refractive index „, and radius r surrounded by a cladding material 3 of uniform refractive index 
„, The number of guided modes the step index fibre 1 supports for light of wavelength X „ 
determined by the lvalue, where V is given by; 

2nr I — 5 f Equation 1 

The fibre is single mode only if K is less than 2.405. Hence, single mode fibres am typmafly 
operated so that V \s a little less than 2.405. 

,„ aconvenrional step index optiea, fibre, sneh a, that shown in Figure ., me material from 
„hich the fibre is made win ulritnatety suffer irreversible damage if the inrensrty of Ugh. 
propagating along the fibre exeeeds a threshold value. For lower intensities of light, a number of 
non-finear optical processes can occur which can degrade or evendestmv an 
Ahhough these problems can be afleviated by increasing me size of rhe core 2 of the fibre . , 
the core radius alone is increased the fibre will become malt, mode. The refractive tndex 
difference berween .he com 2 and me cladding 3 must therefore simultaneously be reduced ,0 
compensate. 
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„, tractive indices of the core 2 and the cladding 3 may be controlled by introducing dopants 
into the material. Eventually, however, it becomes difficult to control the uniformity of dopmg 
across the core region 2. Furthermore, fibres with small index differences are susceptible to loss 
of light at bends. This limits the extent to which the core size can be increased to increase the 
power of radiation the fibre is capable of transmitting, or the power capacity of the fibre. 
Figure 2(a) shows an optical fibre 4 of the invention which overcomes the power capacity 
problems associated with conventional fibres. The optical fibre 4 comprises a cladding of a first 
substantially transparent material 5. in which an array of holes 6 are embedded along the length, 
/ of the fibre. The holes 6 are arranged transversely in a periodic array and may be filled wuh a 
second material having a lower refractive index than the first cladding material. This second 
material may be a solid, liquid or gas material or. alternatively, the holes may be empty (,e. a 
vacuum). For example, the core material 7 and the first cladding material 5 may be made from 
pure fused silica and the holes 6 may be filled with air. 

Substantially at the centre of the fibre cross section is a core region 7 of substantially transparent 
material which breaks the periodicity of the array of holes 6. For example, the central hole m the 
array may be absent and the region of the first cladding material in and around the sUe of the 

Figure 2(b). For the purpose of this description, the core diameter of the fibre, c, shall be taken to 
be substantially the distance between the centre of one hole adjacent to the core and the centre of 
a diametrically opposite hole adjacent to the core. 

The array of holes may form a hexagonal-type pattern (for example, as shown in Figure 2(a)) but 
other hole patterns may also be envisaged. 

,„ , convent photonic crystal fibre, the outer width of fibre. ». is of the order of 40 pm, dte 
centre-to-centre spacing (pitch. A, of the holes is approximately 2 pm. The solid core regmn has 
a diamerer typically 4 pm, less than the diameter of the cote of a conventional single mode fibre 
(see Figure 1), for example as used in telecommunications applications. However, a photomc 
crystal fibre of this dimension is rypically only be capable of transmitting radiation havmg a 
power of between 1 0-20 W. Such a fibre is no, rherefore suitable, for example, for use wtrh htgh 
power laser systems, which may have output powers of at least 1 kW. 
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According ,o one .pec, of the invention, a single mode optica, from fo, de.iv.rtng taxation 
^ one porn, to anodrer comprise, a photonic crysra. fibte. as shown in F.gum 2, wherem me 
diamemr of the core 7 is a, .east 5 pm and preferab.y a, leas, . 0 ptn. An incase m the core 
diameter of me photontc oystal fibre results in an increase in the amount of power ma, may be 
nan-ted, i, may be prefemble for ,he diameter of ,he core ,o be ,arget «.„. or examp, m * 
region of 20-50 pm, depending on me panicuiar app.ication of ,he fibre. For Ore purpose of dn, 

shall be referred ,o as a "large core pholonic crysml fibre". 

Marmora, fire .arge com photonic crysta. fibre is capab.e of propagafing 
^dc TTtefibremay.hereforebeused.o^nsmi.higherpowersof mdtauon, due to the latge 
cote size, in a single mode of propagation than may be achieved conveniendy using convennona, 
optical fibres. 

A Urge core photonic crystal fibre, having a cote diamerer of 50 pm, may be capable of 
Idling cLnuoua wave radiarion having a power of approximam.y 2 k W. This correspond, 

L in a conventionai. sifica step index fibre, as shown in Figum ,, the maxtmmn conttnuo. 
L intensity of tadiatiou tha. can be — d before me onset of permanent amage , ~ 

mw cm. pr. u* « « ~- »"" or • c ;; d ~2 

„. fids corresponds to a rheorerica, maximum power of only approx,ma.e,y 100 W. .„ pmcuce. 
Leva, the theoretica, maximum power is signifieandy reduced due to losses mcutmd 
:^Lg mdiadon into the fibre and in fact me maximum continuous wave ,cw, power tha, haa 
been achieved in a conventional single-mode fibre is only mound 15 W. 
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A further advantage of the large core photonic crystal fibre is that the coupling of radiation into 
the fibre may be achieved more easily. Figures 3(a) and 3(b) show schematic diagrams of, for 
example laser radiation 8 being input to (a) a conventional photonic crystal fibre having a 
relatively small core and (b) alarge core photonic crystal fibre, by means of a lens or lens 
arrangement 9. Referring to Figure 3(b), if the core of the large core photonic crystal fibre 7 .s 
comparable to the diameter of the beam of laser radiation, it may be possible to input the 
radiation 8 into fibre without the need for a lens 9. 

The single mode large core photonic crystal fibre has application in high power laser systems 
used in industry such as, for example, those used in laser machining applications where there is a 
need to direct high power laser radiation onto a material to be machined. It is inconvenient and 
^practical to move the laser to redirect the laser beam and so conventional optics are used to 
guide the laser radiation in the required direction. The large core photonic crystal fibre would 
enable high power laser radiation to be guided without the need for complex and bulky opfccs. 

The large core photonic crystal fibre may also be used in communications applications. 
Conventionally, a length of conventional optical fibre (as shown in Figure 1) is used to deliver 
radiation from one point to another. As the intensity of radiation is attenuated as it is transmitted 
along the fibre, fibre amplifier devices, or repeaters, are used at various points along the length of 
the fibre to periodically enhance the power of transmitted radiation. Such devices detect a weak 
signal (i.e. the reduced power signal) emerging fiom a section of an optical fibre link, amplify it 
and send the amplified signal to the subsequent section of the link. The larger the power that can 
be supported by the fibre, the further the signal can travel through the optical fibre before 
amplification is required. Thus, the maximum power which can be carried by a fibre determines 
the spacing of the repeaters. However, the maximum power that can be carried by a fibre is 
Umited by intensity-dependant non linear optical effects which can degrade the signal. A larger 
core area permits an increased power for a given intensity. The maximum fibre core area which 
may be used whilst still achieving a single mode of propagation therefore limits the repeater 


spacing to a minimum. 
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«> at, /fit* 1- djame(er of app[0ximat ely 50 urn, a 

^^onofmepower 

^spacing of as much a, .60 km may be suf I of optica. 

• ..^tal fibre and a conventional fibre are similar). 1 nus, uw 
' " ^ distances more c— y and a, .ess expense uaing the 


using conventional technology 


, • , pwe 4 the large core photonic crysralfibre may alsobe used in a fibre amp.if.et 
Referrrng to F.gure 4, me large P ^ ^ ^ „ havfag 

fibre amphtier u ^ & ^ wavelength 

vlal he WSC .2. inpu. signal radianon 10 from a rad.ai.on aoarca ..or aprevro 
optica, fibre, is input ro the .engrh of me fibre 4 a, the opposite end. 

f rhe WSC 12 is ro insert radiation of one wavelength (i.e. Ore pump wavelength) 
He purpose of me WSC 12 wave ta gt b). Hence, 

^amdiverthtgradia.ionof.nomerw.ve.en. ^2*--— 

:ire:::c:^ a ;.- p ^— ~r B -rrr 

is«~l The wavelength-se ective coupler 12 selectively 
rnis output signal 16 may be output through a length of fibre 15. 
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»i M ffih selective coupler comprises lengths of input and 
outp u, fibre, .he rnpu. Mt of winch « ^ ^ ^ ^ 


output from the WSC 12. 


the limit of conventional technology, comprising a step index 

optica, fibre (as shown . F.g*e « ^ ^ [p ^ „ 

radiation having a i ns pulae length, a pe* P°- ^ 

approximately 50 pm. pulsed radiation havng a . n S pufse and a p 
may be transmitted. 

wherein the ends of the fibre are joined together 
"ring" of fibre and is continuously amplified. 
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Retiring .0 Figure 6, a f.bre laser capable of outputting high power radiation may compn« a 
ZZJL photonic crystal fibre 4 having a -U amount »f dopant - 

ni^-»»--«*--" a -- , -' - '* d " ,,, " 4 *t^ 

creates gain in the doped fibre region 4 between the mtrrors 22,23 by exerting 

TZ of the fibre. The spontaneous emission fiom the excited erbium ions generates a small 

forth along the fibre, being reflected by the minors 22,23. 

„, the dichroic mirror 22 may be designed ,„ refieo, approximately 99% of the* £ 
JLionwhfls. transmitting the pump radiarion 24, and the output dichro.c mrnor 23 may be 
Xed .0 reflect approximate,, 80% of the laser radiaflon. Therefore, each timed* srg^ 

~ , ■..^Masitn.ovidesaaourceoflaserradiaflonconvenienllyintheformofflto 

^liryof.hl.mgecomphotomccrystalfibre.amorepowetfu.fibrelaae.ou^maybe 
achieved than using conventional optical fibre. 

Referring to Figure 7, an alternative com-.gure.ion of a fibre laser may comprise fibre gratings > 26 

JLtion of tir. dichroic minors (Figure 8). This configuretion has an advanuge 
I I h ^aU fibre device. There are man, confiscations of a fibre ,aser in which the large 

..onded to be restricted to tire two examples * ,»A. ^ 
crvstal fibre may be used in a ring resonator fibre laser, whereby en 

mund tire "ring" of large core phoronic crystal fibre and is continuous,, »mphfi«d. 
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TypicaUy, ft. large core photonic crystal fibre 4 may be made u si „ e a repeated ^ and draw 
L 22 (1997)0 m, a, iUusmued in Figure 8. Figure 8(a) shows a cylindrical rod of fused 
areD nnedon.heou,s i deof«hcroda«a I cgul a rd i st m cefiom.heho,e,givingunerod27a 
hexagonal cross section ahou. «he cenna, ho.e 6. The rod 27 is rhen drawn in,, a cane 28 usmg a 

the centre of the a^y has no ho,e driUed tough me cenne and forma fire com 7 rf ft. fihre 4. 
Tnecompiet. smckof canes is then drawn down inro , he fina, fihr. using fire fib re drawtng 

tower. 

AKemauv. fabrication techniques may also be used, for example, if eircniar cy.indrica, aiUca 
^Z* are avaiiab,. meae may be used as me basic fibre eiemen, (i.e. capites .Wy 

nre — »f me eanes 28). * wouid remove m. need for me hoie-driiiing and mdhng 


steps in 


the aforementioned stack and draw process. 


flbre 4 comprises a firs, ciadding mareriai which is subsrantialiy nanspamn, and ,s capa le 
^blg drawn Lo a fibre (as shown in Figure 8(b)). The core mareria, may he »y — ly 
IpL mCria, but need no, neoeasarUy be dte same mamriai - 
JL*. me refiacrive mdex of me firs, ciadding maferiai is no, ieas utan mat ofme core 


material. 
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„r mav he filled with any material, a second cladding 

rrr:=.-^-- — ----- 

• * . fibre or anv such material which may be mserted into the holes 

a I ,e . hydrogen or hydrocarbon), a solid material (e.g. a different glass matenal 

travr»g a afferent retra ^ ^ ^ ^ not 

aqueous solutions or solutions of dyes). A second cl g ^ 
lesaarilybeuansparentAsisclesrfro^nrUdescripnon.theph^ holes ha! 

XJe.lnrneaningtore.onsofahseneav.thlnthenrsteladdingnrarenal. 

u , • tv,. fibre is a sufficiently small fraction of the pitch or spacing 
If the diameter of the air holes in the fibre is a sutiicie 

tbe boles the core of the fibre guides light in a single mode. Preferably, ttie 

IThots ± 

onehalfofthe core diameter. Most typically, the spacing between the holes may be 
approximately one half of the core diameter. 

T Ve r^ Z nray also he ahsen, or may he filled wirh different materials. 

~"rrr£-.~— — — 

dements, as in the fibre laser device shown in Figutes 6 and 7. 

hoMsahsentlenvutgacoreof dtanre^un, 10 shows Senear field partem at 

periphery of the pattern is concave where i, abuts the six innerntos, atr holes. 
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. , „«h 458 - was launched into «he fibre and index matching tod was apphed 
Ugh. of waveleng* 4 I- " ^ , he laanch conditio „s we. vaned me outpn. was 
*. arucrure . s«p eladdmg modes. As ft ^ ^ „ 

observed. No multip.. modes wee exened m me near field p ^ 

atArn f7s um would also be single mode, 
similar PCF with a core diameter of 75 um wou 

• ™ct»l fibre of the present invention may be understood 
^vioor of Ore Urge core phoromc ' FiguIK 

— of rhe effective refractive mdex, n ; , of .he cWdmg 

w fieLin me ere n,a.eria, 7 and .he firs, ciadding ma«ena, are s„.ca and 


The 
in terms 


with air. 


^pagams in me am holes 6. The effechv ^ 
ffid ah, la rherefore rednced re,a.,ve .o ^^11^ «> -0 

popagaung along *e fibre 4 m g ^ ^ , 

index of the core 7), «/. 

« tionl as ,hewavele„gmofligh.propaga.ingUnonghmefibre4is 
H-.refeningbacx.oB^on^^ ^ 0 „.eng^ This mcreaae is 
^d, .he K-vame ,s * ^ P _ ^ ^ ^ ^ flj ^ ^ 

-■-^"^^T^and-he^hvemdexof purest (and tire 

rir^^P-.e-----^ fo '- ,i ^ 

guidance for the structure. 
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The wavelength dependence of V is not only reduced but is in fact completely eliminated in the 
limit of short wavelength. This is shown in Figure 12 which shows a graph of the effective V- 
value of a fibre as the ratio of the hole pitch A to the wavelength X varies. Each curve 
corresponds to a given ratio of the diameter d of the holes 6 to the pitch A. The V eff - d/A curves 
calculated by first calculating the effective refractive index n, of the cladding material 5 and 
calculating F eir from Equation 1 . The calculation assumes the radius of the core 7 is equal to 


are 
then 
the pitch A. 


Figure 12 shows that for each ratio of d/A, V is bounded above by the value as the ratio AA. tends 
to infinity. This behaviour is in contrast to that of the conventional step index fibre for which V 
tends to infinity as r/X tends to infinity. Unlike a conventional step index fibre, a large core 
photonic crystal fibre may therefore be constructed so as to be single mode for any scale of 
structure. The fibre may therefore be single mode for any value of the pitch A provided that the 
ratio of d/A, where d is the diameter of the holes 6, is fixed. 

The properties of the large core photonic crystal fibre make its suitable for use in several 
applications including use as a high power communications link, a high power fibre amplifier 
and a high power fibre laser. The fibre may also be used for the delivery of large optical powers 
for industrial applications, for example laser machining, and medical applications. 
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Claims 

1 . An optical fibre for transmitting radiation comprising; 

a core coding a substantially transparent « —>* a core refractive index, n, and 

a length, /, and having a core diameter of at least S urn and 

a cMding region sounding the length of core ntaterial, wherein the cladding region conrp^s 
a firs, JL*« hanspaten. cladding materia,, having a firs, refractive index, and wh r n fc 
« substandaUy transit cladding materia, has embedded along * length 
periodic array of ho.es, wherein the holes have a second refractive index whrch IS .ess than the 
first refractive index, 

a single mode of propagation. 

2 The optica, fibre of claim . , the ho.es having a diameter, d, and being spaced apart by a pitch 
K JL fire option, fibre is single mode independently of input radiation wave.ength for any 
valne of the pitch, A, for a substantially fixed d/A ratio. 

3. The oprical fibre of claim 1 , wherein the first substantially tmnsparen, cladding materia, has a 
refractive index not less than the core refractive index. 

4. The optical fibre of claim 1 , wherein the core dUmete, is at .east 10 urn. 

5. The optical fibre of claim 4, wherein the core diameter is a, least 20 urn. 

the core of the optical fibre. 
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substantially uniform first refractive index. 

8. The optical fibre of claim 1 wherein the core material has a substantially uniform core 
refractive index. 

cladding material are the same, 
substantially transparent cladding material are stltca. 
of Ught to be guided in the fibre. 

,2. The optica! fibre of claim 1 , wherein the holes are a vacuum. 

..Ueopdcalfibreofclaimtwhereinmeholesare filled w,,h a second cladding m*eria,. 

.^eop.icalfibreofc.aimnwhereinmesecondcladdlngmateri.isasubs^^ 
transparent material. 

. ». f claim 1 wherein the substantially transparent eore material comprises a 
17. The optical fibre of claim 1 wnerein u 

dopant material. 

..^opfic.fibreofclaimlwherefotheholesare^gedinasubs-al^^ 
pattern. 
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19. A fibre amplifier for amplifying signal radiation comprising; 

f i in „i S for receiving signal radiation of selected 

•^.-•cr-i— 

comprises a dopant material along at least part of its length, 

J • * f o fWnt selected wavelength for input to 

radiation under the action of the pump radiation and 

~n, for selectively transmitting the pump radiation into the 
wavelength-selective transmission means for selectively ^ 

iength of the optical fihre and for selectively outputting the amphfied s lg nal 
fibre amplifier. 

«f claim 19 wherein the wavelength-selective transmission means 
20. The fibre amplifier of claim IV, wnere. 

comprise; 

^tapu.tensandanoutpu.l^fo.— mdiaoo„ and radiation and 

■ ^selectively reflecting pump radiation inro rhe optical fibre and for and 
selectively transmitting the amplified signal ra 

21 The fibre amplifier of claim „ wKerein me wavelengm-selective^smisaion means 

22. me fibre ampfifier of an y of claims , M . wnerein the dopan, marerial comprises rare ear* 
ions. 

, r i m 99 wherein the rare earth ions are erbium ions. 

23. The fibre amplifier of claim 22 wherein me 
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24. A fibre laser for outputting laser radiation comprising; 

a length of the optical fibre in any of claims 1 -5 for selectively transmitting laser radiation 
having a selected wavelength along its length, wherein at least part of the length of the core 
material comprises a dopant material, 

a source of radiation for emitting pump tarnation of a different selected wavelength for input to 
me .engdr of the optica, fibre, such that said doped core materia! amplifies the laser radtanon 
under the action of the pump radiation, 

wave.ength-se.ecfive transmission means for se.ec.ive.y transmitting the pump radiation into the 
.ength of the optica, fihre and for seUctively outputting the amplified laser radiation from the 
fibre laser and 

amphfied laser radiation peases along the length of the optica, fibre repeatedly and ,a fiunher 
amplified. 

25. The fibre laser of claim 24 wherein the dopant material comprises rare earth ions. 

26. The fibre laser of claim 25 wherein the rare earth ions are erbium. 

27 The fibre User of claim 24 wherein fir. wavelength-selecfive transmission means and the 
Lac* means together comprise two dichroic mnrots, wherein each of the dichroic ™n» are 

situated a. different positions along the length of me optica, fibre and whercm the doped com 

material is situated between the positions of the two dichroic mtrrora 
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28 v. I. laser of claim 24 wherein the feedback means and ,he wavelength-selective 
Mission means together comprise two fibre gratings formed a. two 

gratings. 

29. The fibre laser of claim 24 wherein the feedback means comprise; 

for directing light emerging from one end of the length of optical fibre having a doped 
material into the other end of said length of optical fibre. 


means 
core 


30. A system for transmitting radiation in a single mode of propagation comprising; 

^and L— oo«P« radiadon to Ore a— iengd, of Ore opdca, fibre m the senes and 
".engthbebrg separated by amphficadon means for ampiifymg me tamadon ou^r ftom a 

opL fibre so as » main* *. power of me radiadon —ed b y the ,eng*s 
of optical fibre above a predetermined power. 

3,. The system of claim 30, wherein said amplification means comprise a fibre amplifier as m 
any of claims 19-23. 
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